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Abstract--Insuhn-hke peptides from the haemolymph of the tobacco hornworm, Manduca sexta L. and 
from royal .Idly of the honey bee, Apts melhfera L,  were purified by acid extraction, ion-exchange 
chromatography, gel filtration and affimty chromatography Quantities detected were 500 and 25 pg porcine 
msuhn equwalents per gram of lyophihzed material for haemolymph and royaljelly, respectively M. sexta 
Insulin was similar to vertebrate insulin m solubility, chromatographic, immunological and biological 
properties. Amino acid compositions were comparable except for serine, leucine and phenylalanme The A 
melhfera pepUde had sImdar properties, but was not molated m large enough quantity to determine its amino 
acid composmon These results demonstrated that insect msuhn and vertebrate msuhn are structurally 
s~milar. 
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I N T R O D U C T I O N  

NEUROENDOCRINE tissues and  haemolymph  f rom the 
tobacco hornworm,  Manduca sexta L. and  royal  jelly 
f rom the honey bee, Apts melhfera L. conta in  insulin- 
hke polypepttdes (TAGER el al., 1976; KRAMER et al., 
1977; KRAMER et al., 1980). The h o r n w o r m  peptide 
modula tes  t rehalose levels when injected into the 
l a rva l  fo rm of  the same species while the honeybee 
factor  also p romotes  glucose oxidat ion in ver tebra te  
adipose tissue (DIXlT and  PATEL, 1964). Recently, 
evidence tha t  a hypollpaem~c peptide f rom the locust, 
Locusta rnigratorla, and  a l ipogenetic peptide f rom 
Drosophda melanogaster have some molecular  
features in c o m m o n  with mammal i an  insulin has  been 
presented (ORCHARD and LOUGHTON, 1980, LE ROITH 
et al., 1980). We  report  here the punf icaUon of  insulin- 
like peptides f rom haemolymph  of  the tobacco 
h o r n w o r m  and  royal jelly of  the honeybee.  

M A T E R I A L S  AND M E T H O D S  

Insects. royal jelly and haemolymph collection 

Eggs of Manduca sexta were a gift from Dr J. Reinecke 
(Agricultural Research, U S Department of Agnculture, 
Fargo, ND,  U S A ). Larvae were reared at 28°C and 60~o 
r.h during a 16 hr L-8 hr D photopenod on a standard &et 
(BELL and JOACHIM, 1976). Royal jelly from Apts melhfera 
was obtained from Dr Newn Weaver (Department of 
Biology, UmversIty of Massachusetts, Boston) and from 
Formosa Joy Enterprises Co (Tmwan). Upon receipt, royal 
jelly was immedmtely lyophihzed and stored under mtrogen 
at - 20°C until used. Approximately 0.4 g of freeze-dried jelly 
was the eqmvalent of 1 g of native material 

Haemolymph was collected from chilled fifth-lnstar larvae 
after anaesthesm by cutting off the abdominal horn at its 
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base It was immediately frozen, lyophlhzed, and stored at 
- -  20°C. 

Extract,on 

Twenty grams of freeze-dned haemolymph (eqmvalent of 
about 400 ml fresh haemolymph) was extracted with 100 ml 
of 3 M acetic acid. The suspension was centrifuged at 3000 g 
and 4°C for 20 rain. The supernatant was decanted and saved 
Another 60 ml of 3 M acetic acid was rmxed with the 
precipitate and the centnfugation step repeated. The two 
supematants were combined, frozen and lyophihzed to yield 
about 4.4 g dry weight. 

Two hundred grams of freeze-dried royal jelly were 
solubilized in 1 I. of l mM ammomum acetate, pH 7 7 
containing 1 mM dusopropylphosphorofluoridate (DFP) to 
prevent proteolyt~c degradation. After incubaUon at 4°C for 
at least one hour, the sample was partially dehpldated by 
extraction with 360 ml ofdiethyl ether The blphasic mixture 
was then centrifuged at 7000g and 4°C for 30 mln, after 
which the upper ether layer and interracial material were 
discarded The aqueous phase was acl&fied with acetic acid 
to give a final concentration of 3 M. The solution was 
centrifuged at 4°C and 7000g for 30 min and the supernatant 
was retained and lyophihzed to dryness. 

Catton-exchange chromatography 

The haemolymph extract was dissolved in 1.5 M acetic acid 
and applied to a 2 0 cm l.d x 30 cm column of sulphopropyl 
Sephadex C-25 (Pharmacla, Uppsala) equilibrated in the 
same buffer Fractions of 2 ml each were eluted at 1.6 ml/mm 
After washing the column with several column volumes of 
equdibraUon buffer, adsorbed material was eluted with 0 5 M 
NaC1 and was monitored by absorbance at 280 nm. 
Adsorbed and nonadsorbed material were pooled separately, 
dmlyzed using Spectrapor tubing (mol wt cut off 2000) 
against 0. I M acetic acid, frozen and lyophdmed. 
Gel filtratton 

Dried samples (Sephadex C-25 fracUon II from 
haemolymph and the supernatant fraction from royal jelly 
extract) were dissolved in 20-40 ml of 3 M aceUc acid and 
applied to a column of Bio-Gel P-J0 (BioRad, Richmond, 
CA, 2 5 cm Ld. x45 era, haemolymph) or P-30 (2.5 cm 
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1 d x 90 cm, roy al jelly ) previously equilibrated with the same 
solvent Fractmns were collected (3-5 ml) and their 
absorbance at 280 nm obtained using a Car) 118C 
spectrophotometer Samples v, ere pooled, dried under 
vacuum to remove solvent, and ahquots were subjected to 
radlolmmunoassa~ 

4[fintty ( hromatograph~ 

Porcine insulin antlbod~¢ was lmmoNhzed on an agarose 
matrix following the method of AKa'~UMa et al [ 197,0) Four  
mdhhtres of  goat anti-porcine insulin serum (Research 
Products. Elk Grove, IL) was mixed with ammonium 
sulphate to gl,,e a solunon of 18°o salt Prec~pxtate was 
collected after centnfugatlon at 3000 g for 5 mm, dissolved m 
water and dlal)zed against 0 14 M NaCI The total amount  of  
lmmunoglobuhn in the dmlysate was 28 mg as determined by 
280 nm absorbance (SoueR. 1970) A 54  g sample of 
cyanogen bromide-activated Sepharose 4B (Pharmacia. 
Ptscatawa>. N.1 ) was coupled to the lmmunoglobuhn in 30 mI 
of 0 1 M NaHCO 3. pH 8 containing 0 5"o NaC1 After 
washing twice with couphng bulter, the beads were incubated 
with 30 ml of l M ethanolamme.  0 1 M NaHCO~, pH 8. to 
react w~th any unmo&fied electrophfllC sites on the beads 
Noncovalently adsorbed material was removed by washing 
lirst with 0 1 M sodium acetate 1 M NaCI pH 4 buffer and 
then with 0 I M sodium borate, 1 M NaCI. pH 8 buffer The 
antl-msuhn ~mmunoglobuhn coupled Sepharose (abbreviated 
'AIS') was stored at 4 C in the latter buffer also contammg l" .  
gentamlcm sulphate (Schermg, Port Reading, N J) as a 
preservatwe Of the lmmunoglobuhn 97"o was coupled to the 
Sepharose as determined blr the change in absorbance at 
280 nm The AIS was divided into three portions, one for 
characterization and the other two l\gr purification of 
Mandma and Apts lnsuhn-llke peptldes 

Binding spec~ficity and capacity of  AIS were determined 
using a I cm i d x 2 cm column of resin equilibrated In 10 mM 
Trls, pH 8 2 containing 0 1"~, bovine serum albumin (BSA, 
pept~de-free, Research Products, Inc ) A control column of 
uncoupled Sepharose 4B was prepared in a similar manner  
[~-'~l]-Insuhn (porcine, 0 68 #CL,'ml, 7 2 ng/ml, ICN) was 
dissolved m the Tns -B S A buffer and applied to the small 
column Effluent was collected in 1 ml fraction and the 
amount  of radioact~vlty determined in a Searle Analytic 1190 
gamma counter When radmactp,~ty of  the fractions reached 
a plateau ~alue, it was assumed that maximum msuhn 
binding had been reached The column was then washed with 
T n s - B S A  buffer until no radmactl',lty was detected in the 
effluent Adsorbed [~ -' ~I ]-msuhn was eluted from the column 
with 1 M acetic acid [~zsI]-Gastrln (70 /~Cl,,ml, 10 ng,,ml, 
ICN) was processed through the AIS column m a s~mllar 

manner No binding ol I ' : q J -ga , t lm  ~a~ ,,b,elxed 
I lncoupled Sepharose did not brad t i ther peptldc 

The Mamht~a anti 4p> in,uhn-lfi, c l m m u m ~ a c t l ~  
lractlons from gel tdtration chromatograph~ wet S thssolved 
m the Tns -BSA buffer and passed through separate larger 
AlS columns (1 c m l d  × 6 c m )  The columns were ~a>hed 
w~th 30 ml T n s - B S A  buller, l\-~llowed by 20 ml ol "FIIs onl~ 
buffer and finall3 with 3t1 ml I M acetic acid One mflhhtre 
fiactlons were collected A 0 2 ml ahquot v, as removed trom 
each fractmn, lyophihzed and subjected to ln~uhn 
radmimmunoassay The remaining sample was pooled 
lyophlhzed, rechromatographed on Bin-Gel P-30 (see above) 
and approprmte fracuons were subjected to amino acid 
analysls if enough peptJde ~as  isol,tled 

R a d i o l m m u n o a  s ~a I '  

Samples were subJected to msuhn  radioimmunoassay 
using standard kits (Radioassay S2¢stems Laboratories, 
Carson, CA, ICN Medmal Laboratories, Portland, OR, 
Amersham Corp ,  Arhngton Heights, IL) Levels of  peptlde 
were obtained by evaluation of experimental data against 
s tandard cur,ms prepared using porcine insulin The hmlt  of  
detection of porcine lnsuhn was 200 pg using this procedure 

dmmo a~td analysts 

Samples were hydrol~zed lor 24 hr m va~uo m 6 M HCI 
containing 0 1% phenol Hydrolysates were analyzed as their 
o-phthaldmldehyde derivatives (HlLLet  al, 1979) using a 
high performance hqmd chromatography system consisting 
ol a Vanan 5020 pump a Rheod~ne 7120 rejector xal*e, a 
Waters #Bondapak C18 column (30 cm x 3 9 mm.  ~ d ), a 
Turner fluorometer, and a Hewlett-Packard 3385A printer-  
plotter au tomatmn system 

Biological aaam 

Hypotrehalosem~c assays were performed using M sexta 
larvae as described previously ( K ~ R ,  1980). Trehalose 
was purified by gel filtration and quantttated by the anthrone 
reaction (CARROLL et al,  1956) as modified by KRA~,IER et al 
(19781 

RESULTS 

Pur~ca t ton  oJ msulin-hke pepttde f r o m  M. sex ta  
haemolymph 

Manduca h a e m o l y m p h  w a s  m m a l l y  ex t r ac t ed  wi th  
3 M acetic a m d  at  4°C to r ende r  the  pep t lde  
c o m p o n e n t s  s t a t ab le  for  r a d i o i m m u n o a s s a y  a n d  
s u b s e q u e n t  f r a c t l o n a t i o n  s teps  (KRAMER et al., 1977, 
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Fig 1 Cation-exchange chromatography of acidic extract of  M sexta haemolymph on sulphopropyl 
Sephadex C-25 Lyophd~zed and reconstituted amd~c extract was apphed to a sulphopropyl Sephadex C-25 
column (2 cm i d ~, 30 cml equilibrated with 1 5 M acetic acid Adsorbed material wa, eluted with the same 

buffer also containing 0 5 M NaCI Absorbance at 280 nm --0--. conductivity, - - -  
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1980). The acidic extract of haemolymph was next 
subjected to cation-exchange chromatography on 
sulphopropyl Sephadex C-25 at pH 3 (Fig. 1). Two 
sets of pooled fractions were collected; the unadsorbed 
material (I; fractions 20-100) and material that eluted 
with 0.5 M NaC1 (II: fractions 320-345). Both 
fractions were dialyzed in low molecular weight cut off 
tubing against 0.1 M acetic acid, concentrated by 
lyophilization, redissolved in Tris-BSA buffer and 
aliquots of the pooled fraction were analyzed for 
immunoreactivity by using a standard porcine insulin 
assay (Fig. 2). Fraction II exhibited insulin immuno- 
reactivity in a manner typical of standard mammalian 
insulin. The abilities of the serial-diluted fraction and 
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Fig.2. Radio]mmunoassay of fractmns I and II from catmn- 
exchange chromatography of M sexta haemolymph. The 
immunoreactivity of porcine insulin (e) ~s compared to 
results with adsorbed ( x ) and unadsorbed ((3) fractions from 
cation-exchange chromatography of haemolymph extract of 
M.  sexta.  The % [zzsI]-insuhn bound Is plotted as a functmn 
of insulin concentratmn in standard (top) and volume of 

fractmn (bottom) samples 

porcine insulin to compete with p2q]-insulin for 
binding to the antibody decreased in an identical 
manner Approximately 20 ng of insect insulin was 
recovered from 400 ml of haemolymph. No immuno- 
reactivity was present in the unadsorbed fraction I. 

Further purification of the insect insulin-like 
peptlde was achieved by gel filtration on Blo-Gel P-10 
m 0.1 M acetic acid (Fig. 3). When fraction II from the 
ion-exchange chromatography was processed, two 
peaks of apparent lmmunoreactivity eluted, one at 
fraction 10 and the other at fraction 16 The latter 
eluted in a position nearly identical to that of porcine 
insulin (fraction 15). The lower molecular weight 
lmmunoreactive component was pooled, lyophilized 
and further purified by affinity chromatography using 
a porcine insulin antibody as the binding species. 

First, the binding capacity of the 6 ml AIS column 
was determined to be approximately 240/zg porcine 
insulin, exceeding the expected sample total by more 
than 1000-fold. The second immunoreactive insulin 
fraction from the Blo-Gel P-10 column was re- 
dissolved m Tris-BSA buffer pH 8.5 and passed over a 
virgin AIS column of equivalent size (Fig. 4). A 
significant quantity of material which absorbed in the 
u.v. region of the spectrum d]d not adsorb to the 
antibody column at pH 8.5 (fractions 5-27). When 
1 M acetic acid was used as the mobile phase, a 
relatively small percentage of u.v.-absorbmg material 
was released (fractions 49-55). The latter material was 
pooled, lyophdized and assayed for immunoreactive 
insulin. A total of 10 ng eqmvalents of lmmuno- 
reactive insulin was obtained, corresponding to a 
yield of 0.5 ng/g of iyophdized haemolymph. A 
portion of that material (6 ng) was also subjected 
to acid hydrolysis and amino acid analysis after 
chromatography on a BloGel P-30 column (Fig. 5). 
Gel filtration was required to separate the lmmuno- 
reactive peptide from some albumin (fractions 9-11) 
which also adsorbed to the affinity column. A single 
peak of ]mmunoreactwe insulin (5 ng, fractions 
18-22) was eluted from the polyacrylamlde gel 
column well separated from the bulk of the u.v. 
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Fig. 3. Gel filtranon of fraction II from canon-exchange chromatography ofM sexta haemolymph extract 
on Blo-Gel P- 10. Lyophilized and reconsUtuted acidic extract was applied to a Bin-Gel P- 10 column (2.5 cm 
Ld x 45 cm) and eluted with 3 M acet]c acid. The arrows indicate, from left to right, elution volumes, 
deterrmned by using a second eqmvalent column, corresponding to bovine serum albumin, [12q]-porcme 

insulin, glucagon and [14C]-leucme. Absorbance at 280 nm, --4~, msuhn lmmunoreactwlty, -O-. 
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Fig 4 Immunoaffimty chromatography of fractmn II from gel filtration of second fraction from cation- 
exchange chromatography of M sexta haemolymph extract on goat anttporcme msuhn lmmunoglobuhn- 
agarose Lyophdmed and reconstituted fraction II from gel filtratmn was apphed to the affimty column (1 cm 
1 d x 6 cm) and eluted with (1) 10 mM Tns, 0 1% BSA, pH 8 2, (2) 10 mM Tns, pH 8 2 and (3) 1 M acetic 
acid Absorbance at 280 nm, - e - ,  pH, - - -  The ahquots ofu v -absorbing material elutmg around fractmn 

50 were lyophdmed and subjected to msuhn radmlmmunoassa~ 
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Fig 5 Gel filtraUon of lmmunoreact~ve fraction from 
lmmunoaffimty chromatography of M sexta haemolymph 
extract on Bto-Gel P-30 The lyophlhzed fraction was apphed 
to a 0 9 cm 1 d x 70 cm column and eluted with 1 M acetic 
acid The arrows mark, from left to right, elutlon volumes, 
determined by using a second equwalent column, 
corresponding to bovine serum albumin, [~2Sl]-porcme 

msuhn and []4C]-leucme Absorbance at 280 nm, --e-  

absorbing material No ~mmunoreactw]ty was 
assocmted with albumin 

Amino acid analysis of  the Manduca haemolymph 
insuhn-like pepude and comparison to that of  porcine 
lnsuhn revealed that the two materials were 
remarkably slmflar (Table 1) Most  of theres ldueshad  
the same molar raUos. The major differences occurred 
with serlne, leucme and phenylalanme. All of  the other 
residues were the same integer value or within one or 

q two of each other. Also the ratio of  basic to acidic 
amino acids was nearly identical. These results 

, indicate that hornworm and porcine insulins are 
slmdar chemically 

Btologlcal assay 

When the purified msuhn-hke peptide from M. 
sexta haemolymph was rejected into fifth-instar 
larvae, hypotrehalosemla occurred (TAGER et al., 
1976). Injection of  2 ng lmmunoreactive peptide into 
each of  two larvae reduced trehalose concentrations 
m haemolymph to 40 and 55% of  the control level of  
30 mM. 

Separatton oJ msulm-like pepttde from A. mellifera 
royal jelly 

In addmon to extracting royal jelly with slightly 
alkaline and acidic pH buffers, it was also treated with 
dlethyl ether to remove lipids that appeared to inter- 
fere with subsequent radioimmunoassay. The acidic 
extract was next subjected to chromatography on Bio- 
Gel P-30 m 1 M acetic acid (Fig. 6). To mimmize the 
number of  assays, samples were dwided into seven 
pools of  15 tubes each (I-VII)  and these were sub- 
jected to lnsuhn radioimmunoassay. Immunoreactive 
insulin (IRI) was found m three of  the eight pools. 
Amounts detected were 2.4 ng in pool II (void 
volume), 3.6 ng in VI (the same elution volume as 
porcine insuhn) and 3.2 ng in VII (inclusion volume). 

Each of  the immunoreactive pools was fractionated 
by affinity chromatography. The ~mmunoreactive 
msuhn from royal jelly in pool II was adsorbed almost 
completely by the antibody column and was recovered 
in 70% yield. This immunoreactivity was composed of 
pepudes with molecular weights equal to or greater than 
3 x 104 and termed 'h~gh molecular weight IRI '  for the 
purpose of  discussion. Not  all of  the immunoreactive 
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Table 2 Occurrence of msuhn-like peptldes In insects 

Species Source Assay Reference 

Apzs melhfera (honey-bee) adult gut RIA* 
larval mtdgut RIA 
larval mldgut RIA 
whole body RIA 
royal jelly Glucose oxidation m 

rat adipose t~ssue 
worker jelly Glucose oxidation m 

rat adipose tissue 
royal jelly RIA 
royal jelly Hypotrehalosemla m 

M sexta larvae 
royal jelly RIA This paper 

Bombyx mort (sdk moth) brain, corpus IC* Yta et al. (1980) 
cardlacum, corpus 
allatum 

Calhphora vomztorta (blowfly) brain 

Drosophtla melanogaster (fruit-fly)whole body 
haemolymph 
head, whole body 

Ertstahs aeneus (hoverfly) brain 
Hymenopterant spectes gut 
Locusta migratorla (locust) corpus cardmcum 
Manduca sexta (tobacco hornworm)haemolymph 

corpus cardlacum/ 
corpus allatum complexes 
corpus cardiacum/ 
corpus allatum complexes 

Perlplaneta amertcana (cockroach)corpus cardmcum/ 
corpus allatum complexes 

Plodta mterpunctella (Indmn head 
meal moth) 

ISHAY et al (1976) 
ISHAY et al. (1976) 
MOREAU et al. (1981) 
MAIER et al (1978) 
DIXIT and PATEL (1964) 

DIXlT and PATEL (1964) 

KRAMER et al (1977) 
KRAMER et al. (1977) 

RIA and hypotrehalosemmDuvE and THORPE (1979) 
IC 

Hypoglycemm m mice 
RIA 

RIA, glucose oxldatxon 
m rat adipocytes 

IC 
RIA 

RIA, hypohpaemaa 
RIA, amino acid analysis 

RIA 

DUVE et al. (1979) 
M E N ~  and Ognz (1975) 
SEECOF and DEWHURST (1974) 
LE ROITH et aL (1980, 1981) 

EL-SALHY et aL (1980) 
ISH^Y et al (1976) 
ORCHARD and LOUGHTO~ (1980) 
KRAMER et al. (1980, this paper) 
TAGER et al (1976) 

Hypotrehalosemm in 
M. sexta larvae 

RIA 

TAGER et al (1976) 

TAGER et al (1976) 

RIA TAGER et al (1976) 

* RIA and IC are used as abbrevmtmns for radlolmmunoassay and lmmunocytochemlstry, respecUvely 
? A total of ten different hymenoteran species were examined including Apzs mellifera, Vespa or~entahs, Vespa crabro, 

Paravespula vulgarts, Paravespula germamca, Dohchovespula media, Dohchovespula saxomca, Polyrachis simplex, Chahcodoma 
stcula, and Chryszs sp 

and DEWHURST, 1974) from Drosophda  melanogaster;  
whole body (MAIER et HI., 1978), gut tissue (IsBAY et 
aL, 1976), royal jelly (DIXaT and PATEL, 1964; KgAMER 
et al., 1977; this paper) and worker jelly (DIXIT and 
PATEL, 1964) from Apis  melli fera; gut tissue from 
several hymenopteran species (ISHAY et  al., 1976), 
haemolymph and brain-corpus cardiacum-corpus 
allatum complex from M a n d u c a  sex ta  (TAGER et  al., 
1976; KRAMER et HI., 1980); head from Plodia 
mterpuncte l la  (TAGER et al., 1976); corpus cardiacum- 
corpus allatum from Periplaneta  amertcana (TAGER et 
HI., 1976); corpus cardiacum from Locus ta  migrator ia  
(ORCHARD and LOUGHTON, 1980); and brain from 
Call iphora vomttoria  (DuvE et al., 1979). Levels 
detected range from plcograms to more than 
micrograms per gram of tissue or millilitres of 
haemolymph. The peptide has been localized 
immunohistochemicaily to median neurosecretory 
cells of C. vomztorta (DUVE and THORPE, 1979), median 
neurosecretory cells and nerve fibres from them 
reaching the corpus cardiacum and corpus allatum of 
B o m b y x  mor i  (YLq et al., 1980), and cells in the pars 
lntercerebrahs of Erts tahs  aeneus (EL-SALHY et  al., 
1980) and M a n d u c a  sex ta  (M. EL-SALHY, personal 
communication). 

The specific locahzatlon of msuhn-hke peptides in 
brain tissue and haemolymph of insects is somewhat 

reminiscent of the vertebrate case where insulin has 
not only been found in pancreas, blood, and 
gastrointestinal tract, but also in brain (HAVRANKOVA 
et al., 1978; ENG and YALOW, 1980). The identification 
of insulin-like and other vertebrate hormone-like 
peptides in tissues of animals as diverse as insects and 
mammals further suggests that the peptides and their 
anatomical distribution arose early during the 
evolution of eukaryotes. Whether the presence of 
insulin in certain tissues such as brain is due to its 
production in si tu or its uptake and sequestration from 
plasma remains open to question (Er~6 and YALOW 
1980; ROSENZWEXG et  aL, 1980). 

Considering the extreme sensitivity of the insulin 
RIA and the low concentration of insulin-like peptides 
found in our samples, it was very important to take 
precautions to minimize the possibility of con- 
tamination of our fraction with traces of mammalian 
insulin. First, new and disposable equipment was 
utilized whenever possible. Second, processing of 
solvents and buffers without tissue through the 
purification procedure did not yield immunoreactive 
substances. Third, the results from separate 
laboratories reporting an insulin immunoreactive 
peptide in other species of insects (see Table 2) 
demonstrates that it or a similar factor may be 
ubiquitous to insects. 
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Table 1 Amino add composltmns of Manduca and porcine 
msuhns 

Ammo aod Manduca Porcine* 

Aspartlc acid 3 1 3 
Threonme + glycme 8 0+ 6 0 
Serme 6 8 3 
Glutamlc acid 6 2 7 
Proline n d ~ ( 1 ) 
Alanlne 2 0, + 2 
Vahne 2 9 3 
Methmnlne n d + 0 
Isoleucme 2 1 2 
Leuclne 1 8 6 
Tyrosme 2 8 4 
Phenylalanme 1 0 3 
Hlstldlne 2 1 2 
Lysme 0 9 1 
Arginlne 1 1 1 
Tryptophan n d t 0 
Cysteine n d t (6) 

Total 40 8 43(50) 
Ratm, basic aodlc 0 44 0 40 

* From DAYHOFF (1972) 
l'Threonine and glycin¢ not resolved and prohne not 

detected by HPLC analysis. Methlonlne, tryptophan and 
cysteme not stable to acid hydrolysis. For comparison to 
porcine peptlde, all residues except the above were utlhzed 

Averaged values from two analyses Integer values were 
normalized to 2.0 residues of alanme 
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Fig 6. Gel filtratmn of acidic extract of A melhfera royal 
jelly on BmGel P-30. Lyophdlzed and reconstituted acid 
extract was applied to a Bio-Gel P-30 column (2.5 cm i.d. x 90 
cm) and eluted with 3 M acetic acid. Absorbance at 280 nm, 

- e - ,  msuhn ~mmunoreactlvtty, cross-hatched area 

msuhn from the royal jelly pools VI and VII adsorbed 
to the affinity column. In fact, no adsorption was 
observed in pool VII. Pool VI contained both true 
immunoreactive insulin (3.3 rig) which was adsorbed 
by the column antibody and also some component(s) 
that interfered nonspecifically in the radmimmuno- 
assay (0.3 rig) and was not  fractionated by affinity 
chromatography The immunoreactive insuhn had a 
molecular weight similar to or slightly less than 
vertebrate insulin. Pools VI and VII eluted just before 
and at the inclusion volume, respectively. The non- 
specific immunoassay mterfering material in pools VI 
and VII was probably low molecular weight sub- 

stances which degraded the tracer or inhibited Its 
binding m the batch RIA assay 

Y]elds of adsorbed IRI from 200 g of freeze-dried 
ro2cal jelly were 1 7, 3 3, and 0 ng for pools 1I, VI and 
VII, respectively, or a total of 25 pg/g Thus, the 
percentage of dry weight of adsorbed IRI m native 
royal jelly was about 10-~"o No amino aod 
composltxon or biological activity was determined for 
the royal jelly peptlde due to the low amounts  of 
mater]al isolated. Previously, KRAMER et al (1977) 
demonstrated hypotrehalosemlc actw~ty m an 
aqueous extract of A melhJera royal jell2¢. 

DISCUSSION 

NORMANN (1975) suggested that hypertrehalosemla 
resulting from decapitation of the blowfly, Calliphora 
erythrocephala, was due to a lack of hypotrehalosemic 
hormone of cephalic ongm The cephalic neuro- 
endocrine gland complex, the corpus cardlacum- 
corpus allatum (CC-CA), was a hkely release site for 
this hormone. Other investigators have also demon- 
strated hypertrehalosemia in other Diptera after 
selective removal of the corpus cardiacum of the 
blowfly, Phormia regina (CHEN and FRIEDMAN, 1977) 
or of the C C -C A in the housefly, Musca  domesttca (L.) 
(LuI, 1973). About  the same time, an insulin-like 
peptide was detected in neuroendocrine tissues and 
haemolymph from other dipteran species (SEEcoF and 
DEWHURST, 1974, DUPE et al., 1979, DUPE and 
THORPE, 1979, EL-SALHY et al., 1980). These results 
suggest that the dipteran hypotrehalosemic hormone 
and the insulin-like peptlde are one and the same. Now 
similar evidence is available from lepidopteran species 
(Table 2, TAGER et al., 1976, KRAMER et al., 1980, this 
paper, YuI et al., 1980; M. EL-SAHLY, personal 
communicauon).  All of the above evidence points to 
an insulin funcuomng in insect carbohydrate 
metabohsm. A recent report also indicates that a 
locust insuhn-hke peptide exhibits hypolipaemlc 
activity as well (ORCHARD and LOUGHTON, 1980). 

Insulin-like peptides have been identified previously 
by immunological, lmmunohlstochemical, and bio- 
logical assays in four orders of Insecta (Table 2). 
Hymenoptera (DIX]T and PATEL, 1964; ISHAY et aL, 
1976, Y u  et a l ,  1980, MOREAU et al., 1981), 
Orthoptera (TAGER et a l ,  1976, ORCHARD and 
LOUGHTON, 1980); Diptera (SEEcOF and DEWHURST, 
1974, MENESES and ORTIZ, 1975, DUVE and THORPE, 
1979, DUPE et a l ,  1979; LE ROTH et al., 1980, EL- 
SALHY et al., 1980) and Lepidoptera (TAGER et al., 
1976; Yul  et al., 1980; KRAMER et al., 1980). The results 
of this investigation have confirmed the presence of 
immunoreactive insulin in M.  sexta and A. mellifera, 
and report for the first t~me the amino acid com- 
position of an insulin-like pepUde isolated from an 
insect. The material called insect insulin is similar to 
mammalian insulin m its solubihty in acid, elution 
profile on BioGel P-10 and P-30 (molecular size), 
cross-reactivity with antl-insuhn lmmunoglobulin,  
biological activity, and amino acid composition. 

Insuhn-like peUdes have been semiquantitated in 
whole body (MENESES and ORTIZ, 1975), heads (LE 
ROITH et al., 1980, 1981) and haemolymph (SEEcor 
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The presence of insulin-like material has been 
confirmed in other invertebrates (for review see 
FALKMER-et al., 1973, 1981) and also several 
unicellular eukaryotes (a clliated protozoan and two 
unicellular fungi, LE ROITH el al., 1980). These results 
suggest that a hormone can be highly conserved over 
extremely long periods of evolution (perhaps 900 
million years) or that late recombination events can 
occur involving extramurally introduced genes 

A peptide that had similar characteristics to bovine 
insulin was first separated from royal jelly using paper 
chromatography and paper electrophoresis by DIXlT 
and PATEL (1964). It produced an insulin-like effect in 
rat adipose tissue, increasing glucose utilization and 
oxidation. KRAMER et al. (1977) found that injection of 
aqueous extracts of royal jelly into M sex t a  larvae 
caused hypotrehalosemia ISHAY et al. (1976) and 
KRAMER el al (1977) experienced problems with 
radiolmmunoassay of insect insulin. They could not 
detect immunoreactive insulin in native royal jelly 
Only after subjecting the jelly to acid extraction, 
dehpidation and gel filtration were KRAMER et  al. 
(1977) able to detect nanogram amounts of peptlde. In 
the present study, the KRAMER et al. (1977) procedure 
was repeated, but only picogram levels of immuno- 
reactive insulin were detected. The difference could be 
attributed to different sample sources, handling 
conditions, lmmunoassays, and/or the addition of an 
extra step in sample work-up, i.e. the affinity 
chromatographic separation. KRAMER et al (1977) 
obtained their royal jelly from U.S. suppliers find used 
a rabbit anti-bovine insulin radioimmunoassay 
system, while this study used royal jelly from a 
company in Taiwan and a guinea pig anti-porcine 
insulin system. It was also determined that estimates of 
insect insulin obtained from partially purified royal 
jelly samples had to be corrected for the presence of 
falsely positive material. The use of a fourth clean-up 
step, affinity chromatography, demonstrated that 
only 40~ ~ of apparent immunoreactive insulin detected 
after gel filtration was true lmmunoreactlve insulin. 
The advantage of gel filtration followed by affinity 
chromatography was that it allowed discrtmination of 
a true tmmunoreactive species according to molecular 
size. Royal jelly contained both an lmmunoreactive 
insulin similar in size to vertebrate insulin and a larger 
immunoreactive species, perhaps chemically similar to 
vertebrate proinsulin. 

Preliminary experiments with untreated M.  sex ta  
haemolymph showed that some peptlde clean-up pro- 
cedure was necessary before a valid radioimmuno- 
assay could be conducted. Based on previous 
experience with royal jelly IRI, it was decided to utilize 
affinity chromatography of a haemolymph acidic ex- 
tract for such a clean-up. This was successful and 
haemolymph was found to contain approximately 0.5 
ng IRI per g dry weight. This amounted to picomolar 
or greater concentrations in native haemolymph. Of 
the IRI 709/o was peptide material with an apparent 
molecular weight of 5 x 103. The remaining IRI was of 
a large molecular weight and might be some form of 
prohormone. 

This study using insect haemolymph and royal jelly 
describes the first attempt to isolate insulin from insect 
tissues using affinity chromatography. This procedure 
not only fractionated the low insulin content of  our 

starting matenal, but also concentrated it to a level 
where radioimmunoassay and amino acid analysis 
could be carried out. 

The quantities of insect IRI fractionated here were 
quite small because of the limited amount of tissue 
used If larger quantities of tissue become available, 
procedures used here can be scaled up and used with 
other conventional purification steps to yield enough 
purified I RI for further chemical characterization such 
as sequence analyses. If the amino acid sequence of 
insect IRI were found to compare favourably with that 
of vertebrate insulin, then this result would constitute 
the best evidence for the presence of insulin in insects. 
Also this material could be used in physiological 
studies to determine more precisely its biological 
activities. 
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Note added In prooJ 

LEROIrH, SmLOACH, ROTH and LESNIAK (J btol Chem. 256, 6533-6536, 1-1981) have recently demonstrated that insulin or a 
closel~ related molecule is native to the bacterium Eseherteha ~oh 


